A deoxynucleoprotein complex (DNP-1) isolated from simian virus 40 (SV40) after disruption of the virus in an alkaline buffer contains the viral deoxyribonucleic acid (DNA) and four minor structural polypeptides. Dissociation of DNP-I by equilibrium centrifugation in CsCl yields a complex (DNP-II) that contains a small amount of polypeptide tightly bound to the viral DNA. Studies of the template activity of these deoxynucleoprotein complexes in vitro with Escherichia coli transcriptase show that the rate of transcription of DNP-I and DNP-IL is 30 and 80%,, respectively, compared with that of deproteinized SV40 DNA component I.
, and Escherichia coli colicinogenic factor (4, 9) has been extensively investigated. Several lines of evidence that the binding of chromosomal proteins to DNA inactivates transcription suggest that these proteins act as regulatory molecules in gene expression (3, 10, 23) . In the colicinogenic factor system, the protein of the DNA-protein relaxation complex may act as an endonuclease and open a single-strand nick to initiate DNA replication (9) .
These observations led us to investigate the possible role in the regulation of simian virus 40 (SV40) gene expression of the viral structural proteins asociated in the virion with the viral DNA. There is increasing evidence for the existence of nucleoproteins in SV40 and polyoma virus (2, 11, 15 ; P. M. Frearson and L. V. Crawford, in press).
We show here the template activity of SV40 deoxynucleoprotein complexes in vitro with DNA-dependent ribonucleic acid (RNA) polymerases of bacterial and mammalian origin. The data sLIggest that SV40 may carry with it structural components that exert a nonrandom limitation on transcription so that a particular subset rather than the full complement of viral DNA sequences can be transcribed.
NIATERIALS AND METHODS Cells and virus. The methods for cultivation, purification, isotopic labeling, and alkaline degradation of virus are in preceding reports (11, 15, 22) . SV40 DNA and DNA component I. SV40 DNA was extracted from purified virions by the phenol-sodium dodecyl sulfate (SDS) method (21) . Supercoiled SV40 DNA (conponent 1) was separated from SV40 open circles (component II) with ethidium bromide (100-200,ug/ml) and equilibrium density centrifugation in CsCl with an initial density of 1.56 g, 'cm3 in the Spinco T-65 rotor at 43,000 rev, 'min for 48 hr (22) .
The band corresponding to DNA component I was collected; the ethidium bromide was removed by repeated extraction with isoamyl alcohol until there was no color in the water phase. The DNA solution was dialyzed against tris(hydroxymethyl)aminomethane (Tris)-buffered isotonic saline solution, pH 7.4 (TBS). plexes. Two types of deoxynucleoprotein complexes, DNP-I and DNP-II, consisting of the viral DNA and structural virion polypeptides were isolated from degraded virus (15) .
Purification of DNA-dependent RNA polymerase from E. coli. DNA-dependent RNA polymerase containing o-factor was isolated from E. coli, strain Q13, by the method of Burgess (7) . Enzyme of high specific activity (400 units/mg protein, 200 units/ml) from low salt followed by high salt-glycerol gradients was used for the polymerization assay.
Transcription assay with E. coli DNA-dependent RNA polymerase (transcriptase). The stock reaction mixture (2.5 X concentration) for the enzyme contained 0.1 M Tris-hydrochloride, pH 7.9, 0.025 M MgCl2, 0.25 mM ethylenediaminetetraacetic acid (EDTA), 0.25 mM dithiothreitol (DTT), and 0.375 mM uridine triphosphate (UTP), guanosine triphosphate (GTP), cytidine triphosphate (CTP), and adenosine triphosphate (ATP) (7) . For the assay, 0.1 ml of the stock mixture, 0.01 ml of E. coli RNA polymerase, 0.1 ml of template containing 1.0 ,ug of DNA, 0.01 ml of 3H-UTP (100,4Ci/ml, 25 Ci/mmole), and 0.03 ml of distilled water to make the volume 0.25 ml were incubated in a 37 C water bath for 15, 30, 45, or 60 min.
The mixtures were precipitated with 0.05 ml 100%/-0 trichloroacetic acid containing 0.2 M sodium pyrophosphate, collected on a membrane filter (Bac-T-flex, Schleicher and Schuell), and washed eight times by filtration with 5% trichloroacetic acid containing 0.02 M sodium pyrophosphate. After drying, the filters were counted in toluene scintillation fluid.
Synthesis of virus complementary RNA in vitro. The synthesis of 3H-UTP-labeled viral complementary RNA (cRNA) was carried out by slightly modifying the method of Westphal and Dulbecco (31) . To 0.25 mCi of 3H-UTP (25 Ci/mmole) lyophilized in a 3-ml ampoule were added 0.1 ml of the stock reaction mixture without cold UTP, 0.03 ml of E. coli RNA polymerase, 0.1 ml of SV40 DNA component I (100 ,ug/ml), or the equivalent quantity of nucleoprotein complex, and 20,uliters of distilled water. After incubation for 100 min in a 37 C water bath, 20 Ag of deoxyribonuclease (Worthington) was added to digest the DNA (1 hr at 37 C) and stop the reaction. The mixtures were then treated with SDS at a final concentration of 1%<7;o and chromatographed on Sephadex G-50 (medium grade; bed volume, 5 ml; diameter, 0.5 cm; flow rate, 0.5 ml/min) in O.1X SSC containing 0.01% SDS. The first peak that eluted was collected, extracted three times with chloroform, and dialyzed against thi ee changes of 0.1 X SSC containing 0.01 % SDS for 24 hr at 4 C. Cold viral cRNA was synthesized as above except that cold nucleotide triphosphates were used in the reaction mixture.
RNA-DNA hybridization and competitive hybridization. SV40 DNA component I was treated with deoxyribonuclease (31) and denatured by heating in boiling water for 15 min and then quickly chilled in an ice bath. The denatured DNA (diluted to 0.01 ,g in 3 ml of 6X SSC) was immobilized on membrane filters that had been soaked in 6X SSC and then washed in 40 ml of 6X SSC. The filters were dried in a vacuum at room temperature overnight and at 80 C for 2 hr.
The hybridization of RNA to immobilized denatured DNA was by the method of Gillespie and Spiegelman (13) . The DNA filters were immersed in scintillation vials in 1.0 ml of 6X SSC containing 0.05 gg of 3H-cRNA transcribed from SV40 DNA component I (4 X 105 counts/min; specific activity, 8 X 106 counts per min per Mg) or, in the competition experiments, together with graded amounts of cold cRNA from DNP-I, DNP-II, or DNA-I. Two variations of the competitive-hybridization technique were employed. (i) After the first hybridization with 0.05 Mug of 3H-cRNA of DNA-I and increasing amounts of cold competing cRNA, the filters containing denatured viral DNA were rinsed with four changes of 2X SSC and washed by suction filtration on each side with 50 ml of 2X SSC. The filters were then treated at 37 C for 1 hr with pancreatic ribonuclease (20 ug/ml) that had been preheated at 80 C for 15 min to inactivate contaminating deoxyribonuclease (13, 31) . The filters were again rinsed four times with 2X SSC and washed by filtration (17) . The 3H-cRNA from DNA-I (0.05 Mg) was then added for a second hybridization in the presence of 1.0 mg of yeast RNA which was reprecipitated with alcohol and 0.1%O SDS.
The filters were then subjected to the same washing and ribonuclease digestion procedure. Finally the filters were rewashed on each side with 2X SSC by suction filtration and were dried, and the radioactivity was counted.
(ii) After hybridization with amounts of hot and cold cRNA and denatured DNA comparable to those in (i), the filters were washed with four changes of 2X SSC and heated in a 70 C water bath for 10 min with 6X SSC to remove remaining nonspecifically hybridizing materials. The filters were rinsed with four changes of 2X SSC and subjected to the same ribonuclease treatment and final washing procedures as in (i) without a second hybridization.
Preparation of mammalian DNA-dependent RNA polymerase from SV40-infected monkey kidney cells. Confluent monkey kidney cells (MA-134) growing in 30 roller bottles (surface area, 1,000 cm2) were infected with SV40 (50 plaque-forming units/cell). Twenty-four hours later, the cells were rinsed twice with ice-cold Hanks solution (BSS), removed from the bottles with glass beads or rubber policemen, collected by centrifugation, and washed twice with cold BSS.
The purification of DNA-dependent RNA-polymerase essentially followed the method of B. Sugden and W. Keller (personal commu/iicatioti), in which the enzymes were eluted from the cells and purified through ammonium sulfate fractionation, diethylaminoethyl (DEAE)-cellulose chromatography, and centrifugation in a low salt-glycerol gradient. RNA polymerase form II (RNAP-II) (25, 26) was purified by further centrifugation in a 5 to 20%,-sucrose gradient in a high-salt buffer.
In vitro mammalian DNA-dependent RNA polymerase transcription assay. The reaction mixture is modified from the formula of Sugden and Sambrook (28) . The standard assay system consisted of 0.1 ml of stock reaction mixture, 0.1 ml of template containing 4,g of DNA, 20 ,uliters of RNAP-1L from SV40-infected MA-134 cells, and 2 mm adenosine-3 ',5'-monophosphoric acid (cAMP). The rest of the procedure followed the E. coli system as described above.
RESULTS
Subviral deoxynucleoprotein complexes. Purified SV40 virions can be dissociated in alkaline buffers at pH 10.5 into a soluble protein and a deoxynucleoprotein complex containing the viral DNA and the four minor of the six structural viral polypeptides (15), followed by velocity sedimentation in sucrose gradients. DNP-I can in turn be dissociated into soluble protein and another deoxynucleoprotein complex (DNP-II) by equilibrium density centrifugation in CsCl. DNP-IL contains mainly the viral DNA and a small remnant of viral protein, apparently chiefly VP3, tightly bound to the DNA and difficult to detect (15) .
Transcription in vitro of deoxynucleoprotein complexes with E. coli DNA-dependent RNA polymerase. We examined the kinetics of transcription of DNP-I, DNP-II, and SV40 DNA component I (supercoiled DNA). The concentration of DNA was assayed by the diphenylamine method (8) and verified by extinction coefficients and the ratio of absorbancies at 260 and 280 nm (30) . DNP-I, DNP-II, and SV40 DNA-I, diluted with TBS to contain equal amounts of DNA (1.0 ,g) were used as templates. As indicated in Fig. 1 We first determined the amount of 3H-cRNA of DNA-I needed to saturate the amount of DNA used in the competitive hybridization experiments. The results, shown in Fig. 3 , indicated that 0.05 ,g of 3H-cRNA produced close to maximal hybridization; application of three times as much cRNA (0.15 Mg) caused hybridization of only 24% more counts.
We calculated the amount of DNA immobilized in membrane filters by labeling it with '4C-thymidine. The specific activity of '4C-SV40 DNA-I was 7,333 counts per min per Mg. The average counts of DNA used for hybridization were 72 counts per min per filter. The percentage of DNA remaining immobilized on the filters was 82.6% (± 3.3 %) of the DNA applied; after 22 hr of competition hybridization there was no significant loss of DNA from the filters. Figure 4 shows the results of two competition studies. Cold eRNA synthesized in vitro from DNP-I, DNP-II, or DNA-I was used in competition against 3H-cRNA of DNA component I. In the presence of 0.5 ,ug of cold cRNA from DNP-I, when the ratio of cold cRNA to 3H-cRNA was 10, about half (51.2%) of the control counts remained on the filters (Fig. 4A) . With cold cRNA from DNP-II or DNA-I, the counts remaining bound to the filters were about 12%o of the control counts. The results obtained with method (ii) (Fig. 4B ) with a single simultaneous hybridization confirmed the results shown in Fig.  4A . These data indicate that with DNP-I as template only half of the SV40 genome sequences were transcribed with E. coli transcriptase; in contrast with DNP-II as template, most of the DNA was transcribed. These data support the hypothesis that the proteins of DNP-I are bound nonrandomly to the viral DNA and that bound areas or blocked initiation sites (E. coli transcriptase) allow the transcription of only about half of the SV40 genome.
In the converse experiment, cold cRNA from DNA-I in competition with labeled cRNA from DNP-I prevented the hybridization of more than 95% of the counts hybridizing in the control filters to DNA-I in the absence of cold cRNA.
Purffication and template specificity of RNAP-II from SV40-infected cells. RNA polymerase form I (nucleolar enzyme) and form II (nucleoplasmic enzyme) (25, 26) After the fractions were sedimented in a highsalt gradient, one distinct RNAP-II peak appeared (Fig. SB) . The enzyme obtained from this gradient was free from detectable host cell DNA or contamination with viral DNA. Table 1 shows the template specificity of RNAP-II. The results indicate that in vitro RNAP-II prefers denatured DNA as a template. If cAMP was added to the reaction mixture, there was a slight increase in 3H-UTP incorporation when native SV40 DNA component I was the template.
Transcription of deoxynucleoprotein complexes in vitro with mammalian RNA polymerase. RNAP-II (16, 25, 26) from permissive cells infected with SV40 was used for in vitro transcription assays. DNA-I, DNP-I, or DNP-II containing equal amounts of DNA (4 ,ug/0.1 ml) were used as the templates. The rates of transcription with DNP-I and DNP-II are 28 and 82%, respectively, compared with that of DNA component I (Fig. 6 ). The results with mammalian enzyme from infected cells are reproducible and are comparable to the results with the E. coli enzyme. With both types of enzymes, there was a significant reduction in transcription when DNP-I was the template and a slight reduction when DNP-II was the template. Purification and sedimentation ofmammalian RNA polymerases. Polymerase forms I and II eluted from a DEAE-cellulose column were pooled, precipitated, anld dissolved in buffer. A, The enzymes were centrifuged in a low-salt 20 to 50% glycerol gradient at 26,000 rev/miml in a Spinco S W 27 rotor for 24 hr at 4 C. B, RNAP-II was isolated from fractionis 9, 10, and 11 of a low-salt-glycerol gradient, precipitated, dialyzed, dissolved in a high-salt buffer, and then centrifuged in a high-salt 5 to 20%O sucrose gradientt in the SW 27 rotor at 26,000 rev/min for 30 hr. There are technical points worth consideration. Lucas and Ginsberg (17) for hybridization inhibition tests applied to immobilized viral DNA cold messenger RNA (mRNA) from infected cells, treated with ribonuclease and washed extensively, and then applied 3H-cRNA of viral DNA. We first assessed the amount of 3H-cRNA synthesized from DNA-I needed to saturate the immobilized viral DNA and then used two different methods to ascertain both the existence of different cRNA species as transcribed from DNP-I, DNP-II, and DNA-I and also the percentage of the genome transcribed in each cRNA.
In the first method we applied cold cRNA from DNP-I, DNP-II, or DNA-I together with 3H-cRNA from DNA-I, treated it with ribonuclease, washed it extensively, and then applied additional 3H-cRNA from DNA-I so as to insure saturation of any remaining unbound sites. In the second method, we simply applied a mixture of cold cRNA and 3H-cRNA from the appropriate sources and in varying ratios simultaneously. In both cases, up to a 10-fold excess of the cold competing cRNA was used; we presumed that this was a saturating amount as a plateau was reached in the competitive effect (Fig. 4) . The results were virtually identical. For analysis of these in vitro products, where the precise quantities of the reactants are known, we suggest that simultaneous application of both kinds of cRNA allows for a quantitative competitive effect, whereas application of the cRNA species sequentially does not danger that even a minor contamination with, for example, "late" RNA sequences in the predominately "early" cold RNA applied first will mask real differences based on the relative populations of two kinds of RNA species.
When chromatin from animal or plant tissues is used as a template for synthesizing cRNA in vitro, only a part of the DNA is transcribed (6, 10, 19) . Chromosomal proteins persisting in a complex with the DNA make specific portions of it unavailable for transcription and account for this effect. SV40 DNA-bound protein may play a similar role. However, the existence of viral deoxynucleoprotein complexes and their functional significance in vivo are still open questions.
To validate this concept, it would be necessary to find in permissive infected cells virus-specific mRNA corresponding to the in vitro transcripts of DNP-I and DNP-II. If in lytic infection the early viral genes are expressed before viral DNA replication and the other late genes after DNA replication (20, 24, 27, 29) , then the block to transcription of late genes is lifted so that the entire genome is ultimately expressed in lytic systems. In contrast, in transformed systems such as SV 3T3 cells, the entire genome is present but the late functions are never expressed. Sauer and Kidwai (27) have shown that the sections of viral genome transcribed in SV40-transformed GMK (18) cells are twice as large as in SV40-transformed 3T3 cells. Therefore, Oda and Dulbecco (20) and Sauer and Kidwai (27) invoke two transcriptional control mechanisms: the block to transcription of late gene sequences that occurs in permissive cells before viral DNA replication is due to some property of the virus, whereas in the two systems of transformed cells cited the persistent block to transcription of most late genes is based on cellular properties.
A deoxynucleoprotein complex similar to DNP-I might be released in vivo after uncoating of the virus. Then, after removal of the capsid, the nucleoprotein by itself or in cooperation with some other factor might repress late gene functions and permit only the expression of early genes. After 
